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PREFACE. 

We  present  this  thesis  to  the  President  and  Faculty 
of  Armour  Institute  of  Technology  as  representing  our  study 
of  this  specific  problem. 

We  realize  that  we  have  only  touched  its  many  phases 
but  hope  that  our  record  of  work  done  may  be  deemed  worthy 
to  be  used  as  a  foundation  for  other  work  on  this  problem. 

We  wish  to  express  our  thanks  to  Professor  McCormack 
for  his  many  suggestions  and  his  able  direction  of  our  work. 
We  also  wish  to  express  our  thanks  to  Professor  Peebles  for 
his  assistance. 
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OBJECT  OF  THESIS. 
The  following  experiments,  preliminary  in  nature, 
were  undertaken  with  two  objects  in  viewj  (l)  to  determine 
if  the  transfer  of  heat  from  steam  to  a  metal  surface  corre- 
sponded to  the  existing  formula  of  a  gas,  in  which  K  is 
equal  to  .000026 ( 2 ■^_/  V  )  ,  or  whether  it  corresponded  to 
the  formula  of  a  liquid,  in  which  K  is  equal  to 
,000028(300-M80_/T*)j  (2)  to  determine  if  the  methods  of 
experimentation  used  were  applicable  and  desirable  for  a 
more  extensive  investigation  of  this  subject,  to  develop  a 
new  formula  for  conductivity  applicable  to  steam. 
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IIWRODUCTION. 

In  a  flow  of  heat  from  a  medium,  gaseous  or   liquid, 
in  contact  with  a  metal  surface,    to  a  medium  in  contact 
with   the  opposite  side  of   the  metal,   there  are   three  re- 
sistances  to  be  overcome.     First,   the  film  resistance  of 
the  heating  medium  against   the  metal  surface,   second,    the 
resistance    through  the  metal,  and   third,   the  film  resist- 
ance of    the  medium  on  the  opposite   side  of   the  metal.     In 
the  case  of  liquids  in  contact  with  metal  surfaces,  it 
will  be  found   that  resistance  of   the  liquid   films  are  con- 
siderable as  compared  with   the  resistance  of    the  metal  it- 
self. 

If   the  heating  medium  is  steam,    there  are    two  possi- 
bilities to  consider.     First,  if  stean  is  superheated,  it 
behaves  like  a  gas  and   the  existing  formula  for  heat   trans- 
fer from  gas   to  metal  may  be  applied;    that  is, 

K  equals   .000028 ( 2 -'-../T'). 
Second,  if    the  steam  is  not  superheated,  but   the  vapors 
carry  moisture,  which  wet   the  surface  of   the  metal  and 
form  a  fi3iii  of  infinitessimal  thickness,   there   the   transfer 
conductivity  of  a  liquid   to  a  metal  may  be  appliedj    that  is 
K  equals   .000026(300+ 18 0_/T"). 
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This  second  possibility  does  not  consider  the  transfer 
of  heat  from  the  gaseous  steam  to  the  liquid  film,  nor  the 
transfer  of  heat  through  the  liquid  film.  These  transfers 
can  not  readily  be  determined  experimentally. 

The  film  resistances  on  either  surface  of  the  metal, 
depends  both  on  the  nature  of  the  medium,  and  on  the  rela- 
tive movement  or  agitation  between  the  medium  and  the  sur- 
face. Therefore,  it  is  necessary  to  determine  the  mean 
velocitj'  and  the  nature  of  each  medium.  Owing  to  the  dif- 
ficulty in  obtaining  a  mean  velocity  for  the  steam,  which 
in  the  present  experiments  was  fully  condensed  within  the 
tube;  it  was  decided  to  use  the  entrance  velocity  and  ob- 
tain a  heat  flow  based  on  this  assumption. 
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DESCRIPTION  OF  APPaFl.<\TUS. 

The  heat   transmission  tube  consists  of  a  standard 
one  inch  brass  pipe,  placed  centrally  within  a  standard 
three  inc$  brass  pipe  by  means  of  brass  caps  screwed  on  at 
each  end  of   the   three  inch  pipe.     The  one  inch  pipe  is 
soldered    to  one  of   the  caps,  while  a  stuffing  nut  placed  in 
the  other  cap  allows  for   the  expansion  of   the  one  inch  pipe. 

The   trap  for   the  condensed   steam  consists  of  a  six 
inch  length  of    the   three  inch  pipe  with  caps  screwed  on 
both  ends.     The  whole   trap  is  screwed  on  to    the  end  of   the 
one  inch  steam  tube,  centrally   through  one  cap.     A  wrought 
iron  baffle  plate,  a   quarter  inch  in  thickness,  is  placed 
vertically  in  the  center  of   the   trap.     The  bottom  of   this 
baffle  plate  is  sheared  so  as   to  allow  a  one  inch  vertical 
opening.     The  other  cap  is  provided  with  a  one  inch  nipple 
to  permit   the  escape  of  excess  steam.     A  U  tube,  consisting 
of   three-quarters  incft  pipe  and   twelve  inches  long,  is 
screwed  into   the  bottom  of    the   trap  at   the   center.     The 
whole  apparatus  is  covered  with  a  one  inch  thickness  of 
plastic  asbestos. 

The  cooling  water,   tapped   from  the  main  line   to  in- 
sure constant  flow,  enters   the   three  inch  pipe  at  (4)   (see 
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blue  print),  circulates  around   the  one  inch  pipe  and  leaves 
the   tube  at  point  (5),     Its  flow  is  counter-current   to 
that  of   the    steam  within  the  one  inch  pipe. 

The  stean,   tapped   from  the  main  line,  enters  a  sep- 
arator, where   the  mechanically  suspended  water   is  separated 
out  and  withdrawn  and   the  pressure  reduced    to  atmospheric 
pressure.     The  comparatively  dry  steam  passes   through  a 
three-quarters  inch  pipe,  which  is  heated  by  an  electric 
furnace   to  a  superheat.     The  superheated   steajn  then  enters 
the  heat   transfer   tube.     Here  it  is  condensed  and  due    to   the 
inclination  of    the  nrfiole  apparatus,    the  condensed  steam 
flovrs  into    the   trap.     On  entering   the    trap,  any  uncondensed 
steam  strikes   the  baffle  plate  and    the  mechanically  suspend- 
ed water  separates  out,  while   the  uncondensed  steam  passes 
under   the  baffle  plate  and  out   through  the  steam  exit  at 
(ll).     The  condensed  steam  flows  out   through  the  U  tube  and 
into  a  v/eighing   tank. 

The  U  tube  serves   to   control  the  outflow  of   the  con- 
densed  steam  and   to  maintain  a  constant  level  at   the  bottom 
of    the   trap.     This  level  is   to   allow  the   steam   to   pass 
under   the  baffle  plate  and    to  prevent  its  flow  out   through 
the  U  tube. 


riETAlLS  OF  APPARATUS. 
(See  blue-print) 

(1)  1"  brass  pipe  10* -1,^"  long.     Outer  diameter  1-5/l6" 

Inner  diameter  1-1/16". 

(2)  3"  brass  pipe.     Outer  diameter  3-15/32".     Inner 

diameter  3-1/6.6". 

(3)  Trap.     Baffle  plate   in  center. 

(4)  -Gtraling  water  inlet i         (§.v-/<--v— --^-i'  ^/j^*^^^     ^Z^CZt^J^ ^ 

(5)  -Pooling urate r  outlets-     .XHfe#^.->=^  ■  Ai'^-'^^^ 

(6)  Steam  inlet. 

(7)  Steam  separator. 

(8)  Electric  heatefr. 

(9)  Condensed  steam  reservoir.      (   i<Qt-*vv-'V--'-<— t^/ 


(10)  Condensed  steam  outlet,  »-^^-vl.-'♦    -^ -<-.-*{  J 

(11)  Uae^adens«d-steffi!r-o■ati<^t.        -U^-^ ~>  '^■^-L^  Q^^JX>"c.  t 

(12)  Stuffing  nut. 

(13)  ^3sC^  asbestos  lining.        v2 

A  equals  mean  surface  area  of  1"  brass  pipe  equals 

2930.35   sq.    cm. 
a  equals  area  of  opening  of  1"  brass  pipe  equals  5,72   sq.cm. 
b  equals  area  of  opening  between  inside  of  3"  pipe  and  out- 
side of  1"   pipe  equals  38.795   sq.   ctn. 
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tb  equals  thickness  of  1"  brass  pipe  equals  .3175  cm. 
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HEAT     TRANSMISSION    TUBE 
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LjEASUREIviLNTS  , 

The   temperature  of    the  cooling  'crater,  entering  and 
leaving,  v/as   taken  v/ith  a  mercury   thermometer,   readind/ di- 
rectly  to  degrees  Centigrade  and   easily  estimated    to    tenths 
of  a  degree.     The   thermometers  were  passed  directly  through 
rubber  stoppers  and  were  in  direct  contact  with  the  water. 

The   temperature  of    the  steam  was   taken  with  mercury 
thermometers,  graduated  in  degrees  Centigrade.     They  were 
passed   through  rubber  stoppers,  so    that   the  bulbs  were  in 
direct  contact  v-lth   the  stetrn  at  entrance,  &nd    the  condensafee 
at  exit.  0 

The  velocity  of   the  coding  water   through   the   tube 
was  obtained  by  weighing   the   total  aniount  discharged  in  a 
given  period  of    time.     The   time  was  measured   by  a   stop 
watch.     The  scales  used  were  ordinary  platform  scales.     The 
total  amount  used  during   the   run  was  computed  from   the  mean 
result  of    the  various  weights. 

The  condensate  v.'as  collected  and  weighed.     From  this 
weight   the  volume  of  entering  steam  vras  calculate  d  by  the 
gas  law,  V:V2_::T:Ti. 

since  superheated   steam  obeys   the  gas  laws. 
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PROCEDUEE  OF  EXPERIlIBiOTS . 

Preliminary   to   starting  a   run,    the   coding  water  and 
steam  were   turned  on  until  conditions  became  constant  and 
no   excess  steam  issued   from  the  exit  of   the   trap.     This  in- 
sured   the   total  condensation  of   the  steam  vri. thin  the  heat 
transfer   tube.     The  rate  of    the  cooling  water  was  regulated 
to    the  amount  of  steam  used,  in  oraer    thiat    the   temperature 
of  both   the  condensate  and    t>ie  exit  cooling  water  would  be 
under   50  degrees  Centigrade.     This  was  done   to  prevent  any 
loss  by  vaporization. 

After   conditions  had  become  constant,    the  readings 
were   taken  every   ten  minutes  for  a  period  of  one  hour. 
These  readings  included  entrance  and  exit    temperature  of 
cooling  water,  entrance   temperature  of  steam,  exit   tempera- 
ture of  condensed  steam,  and  weight  of  cooling  water  dis- 
charged per  minute.     At  end  of    the   run  the  weight  of   con- 
densed steam  was  determined.     The   room  temperature  and  bar- 
ometer  readings  were   taken  for  each  run. 
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SMfPJJu   CALCULATIONS. 
Da  ta . 
Cross  Becticnal  area  of   steam  entrance  equals  5.72    sq.   cm. 
Grose  sectional  area  of  v/ater  pipe  equals  38,8  sq.   cm.  - 
Degrees  Centigrade  x  1.&   equals  Degrees  Fahrenheit. 
One  pound  of   steam  at  100  deg.   C.   equals  26,79   cu .   ft. 
T-,^  equals  IDS .8   C.  ,     T^  equals  35.6 

Tg  equals     32.3  Wg  equals  57.6   lbs. 

Tg  equals     12.6  W^  equals  1698.   lbs. 

1  cu.   ft.   equals  28,317   cc. 
Calculations. 
Volume  of  1  pound  steam  at  109.8  C, 
26.79/V  equals   373/382.8 
V  equals   27.28   cu.   ft. 
V'elocity  of   steam  per  second  in  centimeters. 

27.28  X  57.6  x   28.317  -,      mon  /  ,„ 

V'elocity  of  vjater  per  second  in  centimeters. 

1698  X   28^317_  -,      „    c  / 

5i:?*xT600  7  38.8N    ^"^^^^  -^   cm. /sec. 

To  tleterrriine  heat  content  of  steam. 
H  equals   r+  QiVCpQg 
where   r+Qi  equals    total  heat  at  212  deg.  F. 
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C^  equals  specific  heat  of  superheated  steam 

at  constant  pressure. 
Qp  equals  emcunt  of  superheat. 
From  steam   tables   r-t-Q  equals  1150.4  E.T.U. 

Cp  equals   •49 
Then  total  heat  given  up  by  one  pound   steaia  equals: 
(1150. 4-+ ,49  X  9.8   x  1.8)-(l.8  x  35.6)   equals 

1G85.3  B.T.U. 
Total  heat  pained  by  water. 

1698  X  1*8  X  19*7   equSls   60,200  B.TvU.   per  Hr. 
Total  heat  given  up  by  steam  equals: 

1085.3  X  57. 6   equals  62,   900.   B.T.U. 
Calories  given  up  by  steam  per   second. 
-62.900  X  252  ,      , 

(^l)  H  equals  A  x  (T..-Ty) 

lAb+lAw+1^6  * 

T!?here  1/K^  equals  conductivity  of  brass  equals  1.34 
l/ic^y  equals   conductivity  from  metal   to   liquid. 
1/TCg  equals  conductivity  from  gas   to  metal. 

And       K^  equals   . 000028 ( 300-^- 180_/ V^  ). 
Kg  equals   .000028 ( 2 +_/^Vg '). 
Tg  and  T^  are  mean  temperatures  and  A  equals  heating  sur- 
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face. 

Substituting,  H  equals: 

2930.35  X   50.25 


1.34  +  l/.000028(300  +  180_/fe.5    )  ■+ l/. 0000 28(2 +_/^lBO) 
equals  188.   calorifce. 
(Fo)       This  formula  is   the  same  as  F]_  except  we  consider 
steam  as  a  liquid  and  use   the  water  conductivity. 

K  equals: 

2930.35  X  50.25      

1. a4+l/.000028(300+180_/  5.5)  +l/. 000028 (300  + 180_/  2180) 

equals   2690  calories, 

(Fo)       This  is   the  sane  as  F2  except  in  the   term  Tg  which 

is  considered    the  mean  between  100  and  10^9.8.  4 

H  equals: 

PQ^Q.35  x  82.45 

1.34+ 1/.000028( 300  +180_;^)  +  l/.0O0028(300  + 180_/  2180) 

equals  4410.   calories. 

4220  -   26 SO  equals  1530.    cal.  Diff.   P^  and  Fg 
2690  X  100/4220  equals  64,7/o  of   correct  value. 
4220  -  4410  equals  -150   cal.   excess  F3  over  E^. 
4410  x  100/4220  equals  104.5'/o  of  correct  value. 


NOTATION  USED  IN  TABLiSS. 

T,   equals  irlet   temperature  of   steam  in  degrees   Centigrade, 

Tp  equals  outlet    temperature  of  cooling  wfater  in  deg.   Cr 

To  equals  inlet   temperature  of  cooling  \vater  in  degrees  C. 

T^  equals  outlet   temperature  of  condensed  steam,  ' 

1}     equals  weight  of   condensed   steam  in  pounds. 
s 

W  equals  weight  of  cooling  water  in  pounds.   - 
*       equals    total  weight  per    run. 

V  equals  velocity  of   steam  at  entrance. 

'^"V  .equals  velocity  of  cooling  v.'ater. 


T     equals  mean  temperature  of   steam  and  condensed   steam. 

T     equals  mean  temperature  of  cooling  water, 

T^, equals  mean  temperature  of  superheated   steam. 

P.     equals   calories  per    second  given  up  by  steam, 

R     equals  calories  per   second  absorbed  by  cooling  water, 

F,   equals  calories  calculated  from  formula  Fj^,. 

Tr,  equals  calories  calculated   from  formula   "£• - 

Fg  equals  calories  calculated  from  formula  Fg.   . 
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RUN  NUI.ffili^K  Om. 


Time 

Tl 

^2 

h 

T4 

V 

^8 

\ 

00 

106.5 

35.0 

13.00 

39.0 

28-  5 

10 

107.5 

33.0 

12.75 

38.0 

28-  5 

20 

107.5 

33.0 

12.75 

36.0 

25- 

4 

28-  5 

30 

111.0 

32y6 

12.50 

35.0 

28-  5 

40 

112.0 

31.0 

12.50 

34.5 

28-  6 

50 

111.0 

31.0 

12.50 

34.0 

26-  6 

60 

113.0 

31.0 

12.25 

33.5 

32- 

6 

28-  4 

Mean 

109.8 

32.3 

12.60 

35.6 

•57. 

63 

♦16 98, 

RUN  >JUI;IBER  TWO. 


Time 

Tl 

T2 

T3 

T4 

\ 

Ww 

00 

109.5 

42.0 

12.2 

43.0 

27-  1 

10 

108.5 

42.0 

12,0 

43.7 

27-  2 

20 

110.0 

43.0 

12.0 

42.8 

42-  6 

27-  0 

30 

110.0 

42.0 

12.0 

43.0 

27-  0 

40 

109.5 

42.0 

12.0 

42.' 

27-  1 

50 

109.5 

42.0 

12.0 

43.8 

43-  4 

27-  0 

60 

110.5 

42.0 

12.0 

43.8 

43-  4 

27-  0 

Mean 

110.0 

42.0 

12.0 

43.0 

•85.6 

•16  25. 
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RUN  NUMBER 

THRLL. 

Time 

Tl 

'^2 

^3 

T4 

^s 

^w 

00 

120.0 

27.2 

14.2 

28.2 

24-  2 

10 

119.0 

26.5 

14.0 

30.8 

23-14 

20 

119.0 

27.5 

14.0 

30.3 

24-  0 

30 

121.0 

28.0 

13.8 

30.0 

24-  0 

40 

122.0 

27.5 

13.8 

29.5 

24-  2 

50 

123.0 

27.0 

13.2 

29.0 

24-  0 

60 

125.0 

26.0 

13.2 

28.8 

24-  0 

Mean 

121.0 

27.2 

13.7 

29.5 

•32.5 

•1440. 

RUN  MUI.'IBEP. 

FOUR. 

Time 

Tl 

T2 

h 

T4 

00 

108.8 

26.0 

15.5 

29.5 

10 

114.5 

25.5 

16.1 

28.8 

20 

115.0 

25.3 

16.1 

29.0 

30 

116.5 

25.0 

16.0 

28.5 

40 

119.0 

25.2 

16.0 

28.0 

50 

120.0 

24.8 

15.8 

27.8 

60 

120.0 

24.0 

15.8 

27.0 

Mean 

116.2 

25.1 

15.9 

28.4 

w  w 

s  w 


33-12 
33-10 
33-12 
33-14 
36-  4 
36-  4 
36-  8 
►32.1  •2103. 
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RUN  imxBm 

FIVE. 

Time 

^1 

■^2 

'^3 

^4 

00 

115.0 

39.0 

15.8 

32vfe 

10 

115.0 

38.5 

15.5 

33.5 

20 

114.8 

38.5 

15.5 

34.0 

30 

115.0 

38.0 

15.2 

34.0 

40 

115.5 

37.0 

15.2 

33.2 

50 

114.0 

37.0 

15.1 

33.0 

60 

113.0 

36.0 

15.1 

33.0 

?Jean 

114.6 

37.7 

15.3 

33.4 

w  w 

6  W 


20-14 
20-14 
21-  2 
20-14 
20-14 
20-15 
21-  0 
•48.8  »1292 


RUN  NWABER 

SIX. 

Time 

Tl 

T2 

T3 

T4 

^s 

Ww 

00 

105.5 

31.0 

13.5 

39.0 

37-  6 

10 

106.0 

31.0 

13.5 

39.0 

37-  6 

20 

107.5 

30.0 

13.4 

38.0 

37-  3 

30 

108.0 

30.0 

13.2 

37.4 

37-  0 

40 

10S.5 

29.5 

13.2 

36.8 

37-  3 

50 

109.0 

29.5 

13.2 

36.5 

37-   3 

60 

108.0 

29.0 

13.2 

36.0 

37-  3 

Mean 

107.7 

30.0 

13.3 

37.5 

•63.5 

♦2232. 
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RUN  NmffijiR 

SEVEN. 

Time 

Tl 

T2 

T3 

T4 

^s 

^W 

00 

108,0 

37.0 

15.0 

37.0 

26-13 

10 

109.0 

37.0 

15.0 

37.0 

26-14 

20 

110.5 

37.5 

15.0 

36.3 

24-  C 

30 

112.0 

35.0 

14.5 

35.5 

29-12 

40 

110.5 

30.0 

14.8 

35.5 

30-15 

50 

111.5 

30.5 

14.7 

35.3 

31-  2 

60 

112.5 

30.5 

14.5 

35.2 

30-15 

Mean 

110.6 

34.0 

14.9 

36.0 

♦55.40 

♦1719. 

RUN  NU11EER  EIGHT. 


Time 

Tl 

T2 

T3 

T4 

^8 

\ 

00 

114.0 

44.0 

14.8 

34.2 

14-  4 

10 

114.0 

44.5 

14.8 

34.2 

14-  4 

20 

112.0 

44.3 

15.0 

34.2 

14-  4 

30 

114.5 

44.5 

15.0 

34.2 

14-  4 

40 

115.5 

44.5 

15.0 

34.0 

14-  2 

50 

115.3 

44.8 

15.0 

34.3 

14-   2 

60 

114.5 

44.5 

15.2 

34.4 

14-  5 

Mean 

115.0 

44.5 

15.0 

34.25 

•43.12 

•854. 
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RUN  NTOiEER  NIMii., 


Time 
00 
10 
20 
30 
40 
50 
60 


106.0 
105.0 
104.0 
105.0 
106.0 
106.0 
107.0 


Mean       105.6 


29.0 

29.0 
29.0 
28.5 
28.5 
28.5 
28.5 
28.7 


14.0 
14.0 
14.0 
14.0 
14.0 
14.0 
14.0 
14.0 


49.0 
48.0 

47.5 
47.0 
46.5 
46.0 
46.0 
47.1 


W„ 


43-14 


44-   2 
•88.00 


W 
58-  0 
58-  2 
58-  2 
58-  2 
58-  6 
58-  6 
58-  6 
•3493. 


RUN  NUf.lBER  TEN. 


Time 

Tl 

T2 

T3 

T4 

^8 

^w 

00 

110.5 

25.0 

14.2 

35.0 

58-  8 

10 

113.5 

25.8 

14.3 

32.8 

59-  4 

20 

115.0 

25.2 

14.2 

31.8 

59-  6 

30 

116.0 

24.8 

14.3 

31.7 

45-10 

59-  4 

40 

117.0 

24.5 

14.2 

30.0 

59-  4 

50 

118.5 

24.2 

13.8 

30.0 

59-  4 

60 

119.0 

24.2 

13.8 

30.0 

17-  4 

59-  6 

Mean 

115.4 

24.8 

14.1 

31.6 

•62.9 

•3540. 
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TABLE 

NU}.fPF.R 

ONE. 

Run  No. 

ts  team 

^s 

^w 

Ts 

Tw 

1 

1085.3 

2180 

5.50 

72.70 

22.45 

2 

1082.0 

3240 

5.27 

76.50 

27.00 

3 

1112.0 

1280 

4.68 

72.25 

20.45 

4 

1113.6 

1232 

6.85 

72.30 

20.50 

5 

1103.0 

1862 

4.20 

74.52 

26.10 

6 

1098.7 

2385 

7.24 

72.65 

21.65 

7 

1094.6 

3091 

5.58 

73.27 

24.45 

8 

1100.4 

1650 

2.78 

74.61 

29.75 

o 

1070.0 

3285 

11.36 

76.35 

21.35 

10 

1107.0 

2418 

11.50 

73.50 

19.45 

This  table  gives  the  mean  results  obtained  fron  the 
preceding  runs,  and  shov/s  the  values  used  in  computing  the 
heat  transfers,  both  actual  and   theoretical. 

The  first  column  gives  the  heat  content  in  B.T.U, 's 
of  a  pound  of   steari  at  entrance. 

The   second   and    third   columns  give    the  mean  velocity 
in  centimeters  per   second  of    the  steam  and   cooling  water 
respectively. 

The  fourth  and   fifth  columns  give   the  mean   tempera- 
ture in  degrees  Centigrade  of    the  steam  and   cooling  water 
respectively. 
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TABLH;  MUI/IBLR  TOO. 


^.un  'io . 

^s 

^ 

Rs-^^ 

%   Lose 

1 

4420 

4220 

200 

4.53 

2 

6488 

6150 

338 

5.21 

3 

2532 

2445 

87 

3.44 

4 

2500 

2425 

75 

3.00 

5 

3780 

3670 

110 

2.91 

6 

4830 

4700 

130 

2.68 

7 

4235 

4130 

105 

2.49 

8 

3320 

3190 

130 

3.92 

9 

6590 

6470 

120 

1.82 

10 

4860 

4795 

55 

1.13 
Mean  3.12 

This   table  gives    the    thermal  loss  during  each  of   the 
preceding   runs.      The   first  column  gives    the    total  quantity 
of  heat  given  up  by   the   stean  in  calories  per   second.      (Jol- 
UTiin   t\ro   gives    the   total  aciount  of  heat  gained  by   the  cool- 
ing water.      Column  three  gives   the   thermal  loss  in  calories 
while  colurnn  four  gives    the   thermal  loss  in  percentage  of 
the  entire  system. 
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TABLCi  MJMBaR  THRii'-u. 

2690 

2650 

2750 

2860 

2398 

2937 

2612 

2010 

3650 

3562 

This   table   shows   the   results  obtained   in  each  run  bjr 
substitution  in  formulae  Fi  and  F2.     The  first  column  gives 
the  amount  of  heat  actually  transferred    to    the  cooling  water 
Columns    two   and    three  give    the   results  obtained  by   substi- 
tution in  formulae  F]_  and  F2.     Column  four  gives   the  dif- 
ference between  the  actual  he^t   transferred  and   the   theo- 
retical heat   transferred  by  use  of  formula  F2.     (.'oluan  five 
gives   the  percentage  of  heat   transferred  as  computed  by 
formula  F2 ,  compared    to    the  actual  heat   transferred. 


Run  No . 

Rw 

Fl 

1 

4220 

188 

2 

6150 

221 

3 

2445 

161 

4 

2425 

150 

5 

3670 

168 

6 

4700 

198 

7 

4130 

179 

8 

3190 

147 

9 

6470 

250 

10 

4795 

215 

RW-F2 

F 9x100 
Rw 

1530 

64.7 

3500 

40.3 

-305 

112.0 

-435 

117.0 

1272 

65.4 

1763 

62.5 

1518 

63.3 

1180 

63.0 

2820 

56.5 

1233 

74.4 
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TABLE 

IMISEB.  FOUR. 

Ru^  No . 

^^ 

Ts' 

FS 

VFS 

i 

1 

4220 

104.9 

4410 

-190 

104.5 

2 

6150 

105.0 

4170 

1980 

67.8 

3 

2445 

110.5 

4520 

-2075 

184.0 

4 

2425 

108.1 

4530 

-2405 

199.0 

5 

3670 

107.3 

4020 

-350 

109.0 

6 

4700 

103.8 

4725 

-25 

100.5 

7 

4130 

105.3 

4330 

-200 

104.5 

8 

3190 

107.5 

3480 

-290 

109.0 

9 

6470 

102.8 

5420 

1050 

83.8 

10 

4795 

107.7 

58  20 

-1025 

121.0 

This    table   shows    the   results  obtained   in  each   run 
by  substitution  in  formula  F3.     The   first  column  gives    the 
actual  heat   transferred    to    the  cooling  water.     Column  two 
gives    the  mean  temperature  between  100  deg.   U.   and    the 
entrance   temperature  of    the  steara.     Column   three  gives   the   ■ 
results  obtained  bjr   the  use  of   formula  F3.      Column  four 
gives   the  difference  between  the   result  obtained  from  the 
formula  and    the  actual  heat   transferred.      Column  four  gives 
the  result,  expressed  in  percentage  of    the  actual  heat 
transfer,  of   the  results  obtained  by  use  of  formula  F3. 
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DISCUSSION  OF  RKSULTS. 
(a).  General  Formula. 

The  formula  for  the  flow  of  heat  through  a  given 
medium  is  similar  to  that  for  the  flow  of  an  electric  cur- 
rent and  may  be  obtained  as  follows: - 

Let  0  equal  calories  flowing  per  square  centimeter, 
A   equal  area  in  square  centimeters  of  the  sur- 
face through  which  the  heat  flows. 
S  equal  time  in  seconds  during  flow. 
C  equal  the  thermal  conductance  of  the  medium, 
which  is  equal  to  the  number  of  calories  trans- 
mitted per  second,  per  degree  difference  in  temp- 
erature C,  per  square  centimeter  of  area, 
t  -  t]_  equal  the  temperature  drop  in  degrees. 
Centigrade,  between  two  planes  cutting  the  medi- 
um, parallel  to  each  other  and  perpendicular  to 
the  direction  of  heat  flow. 
Then      0  equals  ( t  -  t^)  x  A  x  S  x  C. 

In  these  experiments  the  time  was  taken  as  one  sec- 
ond; t  as  the  mean  temperature  within  the  steam  tube;  and 
t^,  as  the  mean  temperature  of  the  cooling  water  circulat- 
ing around  the  steam  tube. 
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Then  Q  equals  C  x  A  x   (T^  -  T^). 

This  equation  was  used   as   the  fundamental  equation  in  de-   . 

tecmining    the   results  obtained  in   these   experiments. 

In  analyzing   the  situation  in  the  heat   transfer   tube, 
only   the  following   three   transfers  of  heat  were  considersd: 

(1)  Steam   to  brass. 

(2)  Through  brass. 

(3)  Brass   to   cooling  ■wuter. 

The  problem  then  was  to  find  the  total  thermal  conductance, 
C,  as  the  other  values  could  be  measured,  substitute  in  the 
formula  and  solve  for  Q. 

From  Richard's  Metallurgical  calculations,   the  fol- 
lowing formulae  for  heat   transfer  coefficients  were  obtain- 
ed: 

From  gas   to  metal: 

K-^  equals   .000028 ( 2 +_7T)'. 
From  metal   to   liquid: 

Kg  equals   .000028(300  + 180_ 7^) . 
Through  brass: 

K%j  equals   .2375/t. 
^ere  V  and  ^^  are   the  mean  velocities  of   the  gas  and  liquid 
respectively,  and    t  is   the    thickness  of    the  brass. 
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The   conductivity  of  brass  is  very   snail  compared    to 

the  others.     Therefore  it  wiis  assuraed   constant    throughout 

the  experiments.     The  pipe  was   .3175   eta.   in   thickness. 

Therefor^   the  conductivitv  or 

iM^  equals  ^^-i equals  1,34, 

'  ^  .23757.3175 

Hence   the   thermal  conductance  of    the  system  was: 

C  equals J- ■■ 

1.34  +  l/k-L-<-l/k2 

In  each  experiment   the  heat  given  up  by   tht   steam 
and   the  heat  gained  by   the  v/ater,  was  determined.     The  dif- 
ference gave   the   total  loss  of   the  system.     This  averaged, 
about  3.12  per  cent  of  heat  given  up  by  the  steam  and   show- 
ed   the  system  to  have  a   thermal  efficiency  of  about  97  per 
cent.     These  calculations  also  gave  a  means  of  verifying 

the  use  of  C  in   the  general  formula,  as  it  gave   the  actual 

* 
heat  gained  by   the  liquid. 

For  each  experiment   the  amount  of  heat  transferred 
» 

was  calculated  by  each  of   the  following  formulae: 

(Fi)  . 

A  X   (Ts-  Tw) 
Q  equals  


..34+ l/.000028(300+180__/T")  •+l/.000028(2+_/^) 
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A  X   (Te  -  Tw) 

Q  equals l: ; ; '  , 

1.34+l/.000028(300+180_/V   )+l/.000028(300+180_/  Vi) 

Q  equals .^JLH.^^— 

1. 34+1/.  0000  28  (300+180_/V)+l/.  0000  28  (300+18  0_/  Vi) 


(e).     Discussion  of  Eeeults  Obtained  from  Use  of  Formula,  Fi. 

In  calculating   the  conductance  in   this  formula,    the 
following  heat   transfers  were  considered: 

(1)  Steam  as  a  gas   to  metal. 

(2)  Through  metal. 

(3)  From  metal   to   liquid. 

Hence,   the  corresponding  formulae  T78re  used  in  com- 
puting  these  conductivities. 

The  mean  velocity  of   thd=  water   could  be  determined 
accurately  and    this  result  was  substituted  in  the  equation. 

The  mean  velocity  of   the   steam  could  not  be  deter- 
mined accurately.     The  entrance  velocity  of   the  superheated 
steam  could  be  determined   accufcately,  since  it  left   the   tube 
condensed  entirely  to  water.,  which  would  mean  a  velocity 
of  zero,  considered  as  a  gas.     The  location  of   this  point  of 
zero  velocity  can  not  be  deterraoned   readily.     This  point  of 
zero  velocity  depends  on  the  quantity  and    temperature  of 
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the   cooling  water   and    the  quantity  and   entrance   temperature 
of    the  superheated   steam.     Therefore,  since  it  was   thought 
that   the  change  in  velocity  was  abrupt  rather   than  gradual, 
and  since  most  of   the  heat  was  transferred  during  the  con- 
densation of    the  steam,    the  entrance  velocity  of   the  steam 
was  assumed  as   the  value  for  ^i  in  the  formula. 

The    temperature  difference  T^.  -  T^  was  computed  by 
subtracting   the  mean  temperature  of   the  cooling  A^-ater   from 
the  mean  temperature  of    the   stetju.     This  raean  temperature 
of    the  steam  was  taken  as   the  raean  value  between  the  en- 
trance  temperature  and    the   temperature  of    the  condensate  on 
exit.     This  was  assuming  tnat   the  lowering  of    the   tempera- 
ture was  a  constant  ratio    to    the  length  of    the  heating  sur- 
face.    This  assumption  was  incorrect,  since  it  could  not 
be  proven  that   this  ration  was  constant. 

Assuming   these  values  as  stated,   the  heat   transfer 
for  each  run  ^s  determined.     It  was  found   to  be  about  only 
4  per   cent  of   the  actual  heat  transferred.     Therefore  it 
was  proven  that   the  gas  formula  could  not  be  applied   to 
steam  which  is   totally  condensed  during   the  flow.     These 
results  lead   to    the  application  of  formula  F2. 
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(C),     Discussion  of  Results  Obtained  by  Use  of  Fonaula  ?£. 
In  calculating   the  conductance  in  this  formula,   the 
following  heat   transfers  were  considered: 

(1)  Stean  as  a  liquid,    to  metal. 

(2)  Through  metal. 

(3)  From  metal   to   liquid. 

Therefore,   the  corresponding  formulae  v/ere  used  in  comput- 
ing  these  conductivities. 

As  steam  or  any  liquid  which  is  superheated  or   sat- 
urated, condenses,    the  vapors  will  carry  a   thin  film  of 
liquid  against   the  metal  surface.     Although   this  film  is 
being  constantly  changed,    there  is  always  a  film  present 
whose   temperature  is   that  of   the  saturated  vapors.     This 
film  should  be  considered  as  a  part  of   the  gas  in  consid- 
ering  the   transfer  of  heat  from  the  gas   to    the  metal,  al- 
though using   the  formula   for  liquids.     That  lihere  is  a  heat 
transfer  between  the  gas  prober  and   the  film  there  is  no 
doubt.     But  it  can  not  be  determined  experimentally.     Hence 
it  was  assumed    that    the  K  in   this   case  would  be  neglected. 
Since    the   thicicness  of   this  film  is  infinitessimal,   the 
heat   transfer    through   the  film  can  not  be  determined.     There- 
fore  the  formula  for    transfer  of  heat  from  a  liquid  was 
used,   since   the  main  transfer  of  heat  was   from  a  film  of 
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liquid    to  a  metal. 

The  other  Values  were   the  same  as  in  formula  F]_,     The 
results  obtained  show  that   this  formula  gave  an  average  of 
63  per  cent  of   the  actual  heat   transferred.     These   results 
justified    the  use  of    the  formula  F2  and  lead    to    the  conclu- 
sion that   the  mean  temperature  of    the  steam  was  incorrect. 
This  leads   to    tha  use  of   formula  F3. 

(d).     Discussion  of  Results  Obtained  by  Use  of  Formula  F3. 

In  formulae  F]_  and  F2,    the  Tg  used  was  considered  as 
the  mean  temperature  between   the  entrance   temperature  of 
the  stean  as  ^as  and   the  exit   temperature  of    the  steam  as  w 
water.     This  was   stated    to   be  an  assumption,  as   the  actual 
mean  temperature  was  much  higher. 

Therefore  in  the  present  case   the  Tgi   was  assumed    to 
be   the  mean  temperature  between   the  entrance   temperature 
and    the   temperature  of  condensation  or  100  deg.  C.   in   the 
case  of   steam  under  atmospheric  preasure.     The  urt   of    the 
liquid   formula  7,-83  also   continued  in  this  case. 

The   results  obtained  from  these  calculations  gave  an 
■  average  of  104  per   ce    t  cf    the  actual  heat   transferred. 
Although   this   result  v.-as  a  little  hi^;h,   it   justified    the 
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use of  Tgi   tis  explained  above  and    the  liquid  formula. 
Since   those  expei'iments  v/hich  shov/ed  a  wide  variation  from 
the  mean  in  both  formula  Fr,  and  Fg  ,  are    the   same  in  both 
cases,  it  vvould  indicate  a  probable  error  in  the  readings. 
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CONCLUSION. 
From   these   experiments  it  has  been  shown,    that   the 
use  of   the  gas  formula  for  heat   transfer  from  a  gas,  wet- 
ting the  surface  of   the  metal,   to    the  metal,  is  incorrect. 
It  also   shows   that  by  using   the  liquid   formula  for  heat 
transfer  and    the  mean  temperature  between  the  condensation 
temperature  an^   the  entrance   temperature  of   the  gas,   the 
approximate  correct  values  are  obtained  in   this  case.      But 
owing    to    the  limited  nature  of    these  experiments,   the  draw- 
ing of  any  general  conclusion  is  forbidden. 

In  order    to  draw  any  conclusion  alor^   these  lines  it 
would  be  necessary  to    take  a  great  number  of  runs,  varying 
the  conditions  and  length  of    the   tube. 

In  the  present   experiments   the  steam  entered  as 
superheated  steam  and  was   totally  condensed.     This  gives 
only  one  phase  of   the  problem.     The  gas  might  enter  merely 
saturated  or  even  wet  and  only  be  partially  condensed. 
But  v;hat  ever   the  case  might  be,   the  gas  would  wet   the  sur- 
face of    the  metal  and  hence   the  existing  gas  formula  for 
heat   transfer  does  not  apply.      But  a  method  has  been  shown, 
it  is  believed,  whereby  future  experiments  can  be  made    to 
strengthen  the  conclusions  drawn  from  these  experiments. 


-32- 


These  experiments  were  made  in  a  preliminary  manner, 
and   for  a  conclusive  proof  it  would  be  necessary  to  deter- 
mine the   temperature  with  greater  accuracy.     f.5ore  accurate 
methods   should  be  used   in  measuring    the  arnount  of  water 
and   condensed   steam,  as   this  data  is  of  vital  importance. 

It  is  hoped  Ihhat   this  •■.ork  may  be  resumed,  as   the 
question  of  heat   transfer  is  of  great  importance.     Especi- 
ally is   this   true  in  cooling  coils  whtre  superheated  and 
saturated  gases  are  condensed.     The  existing  formulae  are 
incorrect  except  under  given  conditions.     There  is  no    rea- 
son, why  a  forraula  using    the  liquid   formula   for  heat   trans- 
fer,   the  mean  temperature  between   the  entrance  and  condens- 
ation temperature  of   the  gas,  and    the  entrance  velocity  of 
the  gas,  can  not  be  determined.     There  might  be  a  possible 
change  in  the  numerical  constants  in  the  existing  formula. 

Xihen  such  a  formula  has  been  found    to  which   this 
class  of  gases  belong,    the  subject  of  heat   transfer   in 
cooler  coils  will  become  a  definite  subject  instead  of  be- 
ing a  vague,  cut  and   try  process  as   today. 
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